"Two-Dimensional
Surface-Emitting Arrays of
(GaAs/AlGaAs Diode Lasers

J.P. Donnelly

B Hybrid and monolithic two-dimensional sarface-emitting arrays of
GaAs/AlGaAs diode lasers have been designed and fabricated. The hybrid
devices consist of linear arrays of edge-emitting graded-index separate-
confinement-heterostructure single-quantum-well (GRIN-SCH-SQW) lasers
mounted on a Si substrate containing integral 45° deflecting mirrors and
microchannels for the flow of cooling fluid. With this design, CW output
powers >120 W/cm” have been achieved. For quasi-CW operation (150-usec
pulses), peak output powers greater than 400 W/cm® appear to be achievable.
Two types of monolithic arrays—the first of edge-emitting lasers with external-
cavity deflecting mirrors adjacent to the laser facets and the second with
intracavity 45° deflecting mitrors—have also been fabricated and tested.

RRAYS OF SEMICONDUCTOR diode lasers are of

great interest for applications that require power

levels higher than single devices can attain. De-
velopment efforts to date have concentrated mainly
on linear arrays of edge-emitting GaAs/AlGaAs lasers
[1-6]; these efforts have met with considerable success.
Higher pulsed output power can be achieved by stack-
ing and bonding these arrays to form composite two-
dimensional arrays that are often referred to as rack-and-
stack arrays [7—-11]. Unless the stacking density is low,
however, thermal considerations generally limit the
maximum pulse repetition rate to less than 100 Hz.

An alternative to such composite arrays are mono-
lithic two-dimensional arrays that consist of surface-
emitting lasers. Several types of surface-emitting
GaAs/AlGaAs and GalnAsP/InP diode lasers have

" been demonstrated, including lasers with resonant cavi-
ties that are normal to the surface (i.e., vertical-cavity
lasers) [12—-17], lasers that incorporate total-internal-
reflecting 45° mirrors in the laser cavity [18-25], and
lasers that utilize a second-order grating to achieve
emission normal to the surface [26-29].

During the past several years, researchers have made
substantial progress in developing all of the above

monolithic surface-emitting techniques. In particular,
although they stll suffer from high series resistance and
low power efficiency, vertical-cavity lasers that utilize
epitaxially grown high-reflectivity quarter-wave stacks
[30] to define the laser cavity have become an exciting
area of research. Another approach to fabricating mono-
lithic two-dimensional arrays is to couple edge-emitting
diode lasers with external mirrors that deflect the radia-
tion from the laser facets by 90° [21, 23, 31-39]. At
Lincoln Laboratory, Z.L. Liau and J.N. Walpole [31-
33] have fabricated such arrays of devices that combine
a GalnAsP/InP laser with a parabolic deflector adjacent
to one or both facets. The facets and deflectors are
formed by selective chemical etching followed by a
mass-transport process [31, 40, 41]. Because a similar
mass-transport process is not available for AlGaAs, other
techniques such as ion-beam-assisted etching (IBAE)
[22, 42-45], modified IBAE [46, 47], reactive ion etch-
ing [22, 24, 48], and ion milling {24, 35, 36] have been
used to form the noncleaved laser facets and adjacent
deflecting mirrors. Although these monolithic techniques
hold great promise for the high-volume production of
large-area high-power laser arrays, they are still in the
carly stages of development.
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This article will discuss several approaches to fab-
ricating two-dimensional surface-emitting arrays of
GaAs/AlGaAs diode lasers:

* a hybrid approach [21, 49, 50] in which linear
arrays of edge-emitting lasers with cleaved end
facets are mounted on microchannel Si heat sinks
that have integral 45° deflecting mirrors,

* a monolithic approach in which edge-emitting
lasers are fabricated such that the deflecting mir-
rors are adjacent to both of the end facets of each
laser, and

* a monolithic approach in which horizontal-cavity
lasers with intracavity 45° deflecting mirrors are
fabricated.

In both monolithic approaches, all the laser facets and

deflecting mirrors are fabricated by IBAE. The hybrid

approach is a technology that can be implemented to-
day. In fact, arrays made with this process are currently
being used to side-pump Nd:YAG slab lasers. Much of
the packaging and heat-sink technology being devel-
oped for hybrid arrays should be applicable to mono-
lithic arrays, which are considered to be a more long-
term technology than the hybrid arrays. It is important
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to note that the two-dimensional output patterns of
monolithic arrays are determined photolithographically.
Thus it should be easier to integrate these arrays with
arrays of lenses for increased pump intensity or for
incorporation in external cavities to combine individual
elements coherently [51, 52].

Hybrid Surface-Emitting Arrays

Figure 1 is a schematic illustration of a hybrid two-
dimensional surface-emitting array [21, 49, 50]. The
device consists of linear arrays of edge-emitting lasers
with conventional cleaved end facets mounted in grooves
with flat bottoms and 45° sidewalls etched in a Si
substrate. The substrate contains microchannels [53—
60] for the flow of cooling fluid; the microchannel
cooling provides an efficient means of removing high
average dissipated powers. The Cu bar on top of each
linear array provides high electrical conductivity along
the array and transient heat sinking during pulsed op-
eration. This section first discusses the AlGaAs epitaxial
material from which the linear arrays are fabricated.
Next, the fabrication and performance of the linear
arrays and the microchannel Si heat sinks are discussed.

Cleaved Linear
GaAs/AlGaAs
Laser Arrays

Copper

FIGURE 1. Schematic diagram of a hybrid two-dimensional surface-emitting array of GaAs/AlGaAs diode

lasers with integral Si heat sink.
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FIGURE 2. Scanning-electron micrograph of the graded-index separate-
confinement-heterostructure single-quantum-well (GRIN-SCH-SQW)
laser structure with layer identification on right.

Performance data on modules containing two 1-cm
hybrid arrays are then presented and discussed.

Material

In order to fabricate high-efficiency high-power arrays,
we must reproducibly grow uniform laser material with
low threshold current density /y, high differential
quantum efficiency 1y, and low series resistance R,. For
many applications, such as the pumping of Nd:YAG
lasers for which the emission wavelength including any
chirping during pulsed operation must be between
804 and 810 nm, we must also reproducibly control the
emission wavelength of the diode laser material.

The linear arrays used in the two-dimensional hybrid
arrays are fabricated in AlGaAs material with a graded-
index separate-confinement-heterostructure single-
quantum-well (GRIN-SCH-SQW) structure (Figure 2).
The GRIN-SCH-SQW structure is grown on n*t-GaAs
by organometallic vapor phase epitaxy (OMVPE). The
quantum well is typically 100 A thick and contains
~7 mole % AlAs. The GRIN region on either side of
the quantum well is graded from 30 to 60 mole %
AlAs over approximately 2000 A, which makes the con-
finement region approximately 4100 A thick. Ex-
tensive development of Lincoln Laboratory's OMVPE
reactor has yielded uniform precision growth of the de-
sired laser structure and lasers with low /,; and high ny

[61]. Some of the important design features of the reac-
tor include a vertical growth chamber, porous-plug gas
injection, low-pressure (0.2 atm) operation, and high
substrate rotation rates. Reference 62 contains de-
tails of the reactor development.

We evaluated the uniformity of material grown in the
reactor by randomly selecting a laser wafer and testing
lasers fabricated from different sections of the wafer. For
192 broad-area lasers with 500-um cavity lengths taken
from different sections of a 2-in wafer, the mean value of
Jon was 287.5 A/ cm” with a standard deviation of
11.3 Alem® (61, 62]. The mean value of 1y was 83%
with a standard deviation of 2.5%. The highest value of
ng4 was 88%, which is among the highest reported in
the literature. The mean value and standard devia-
tion of the emission wavelength were 804.9 nm and
0.6 nm, respectively. The mean value of emission
wavelength for 10 different wafers ranged from 803.5 to
807.4 nm, and wafer-to-wafer variations in /; and ny
were typically less than 10%.

Figure 3 plots the values of /;, and 14" versus cavity
length for broad-area lasers fabricated from a typical
wafer. The value of /;, decreases with cavity length and is
typically 200 A/em” for a length of 700 um, the cavity
length used in the hybrid arrays. From the plot of 1, the
internal absorption coefficient o in the GRIN-SCH-
SQW material tested was determined to be ~2.5 cm™
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FIGURE 3. (a) Threshold current density J;, and (b) re-
ciprocal of differential quantum efficiency nd'1 versus

cavity length for broad-area GRIN-SCH-SQW diode
lasers.

[61]. This low internal loss is responsible for the low J,
and high external 1, obtained even on lasers with long
cavity lengths.

Because /;, and therefore the population inversion in
the 100-A quantum wells, changes with cavity length,
the emission wavelength also changes. Facet coatings,
which are used to prevent facet degradation, can also
affect the wavelength through changes in facet reflectiv-
ity and, consequently, in /. Figure 4 illustrates how the
emission wavelength changes with /;, in these lasers. Note
that a 15% change in /j, around a value of 200 A/cm’
results in about a 1-nm shift in lasing wavelength.

As mentioned previously, in addition to low /; and
high ny, low R, is important to obtain a laser that has
high power efficiency and a minimum increase in tem-
perature during high-power operation. (Large increases
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in temperature degrade both laser performance and
lifetime, and contribute to chirping of the laser wave-
length during pulsed operation.) Figure 5 illustrates that
lasers fabricated in material with abrupt heterojunctions
between the top p™-GaAs contacting layer and p-
AlGaAs cladding layer, and between the n™-AlGaAs
cladding layer and n"-GaAs substrate, exhibit large
nonlinear series resistances. Compositionally grad-
ing these interfaces reduces the height of these para-
sitic heterojunction barriers [63, 64], and enables the
fabrication of laser diodes with low R. The value of
R for 40 x 700-um laser diodes with graded p*/p” and
n’/n" heterojunctions is typically less than 0.2 Q.

Linear Arrays

For use in the two-dimensional hybrid arrays, linear
arrays of proton-defined stripe lasers (Figure 6) have
been fabricated in the GRIN-SCH-SQW AlGaAs ma-
terial. Following the deposition of a top ohmic contact,
a shallow proton bombardment that penetrates to a
depth approximately 0.2 um above the top GRIN re-
gion converts the bombarded regions to high-resistivity
material [65, 66], thus confining current to the
nonbombarded laser stripes. A second proton bombard-
ment at higher energies into 10-um stripes midway be-
tween the laser stripes introduces sufficient optical loss
to suppress lasing in the transverse direction. After the
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FIGURE 4. Emission wavelength versus threshold cur-
rent density of diode lasers fabricated from a typical
AlGaAs GRIN-SCH-SQW wafer in which the quantum-
well thickness is 100 A. Changes in the threshold cur-
rent density result from changes in cavity length and
facet reflectivity.
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FIGURE 5. Typical current-voltage characteristics of
40 x 700-um GRIN-SCH-SQW lasers with abrupt
p*-GaAs/p-Aly¢GagsAs and n’-AlysGagsAs/n*-
GaAs-substrate contacting heterojunctions, and with
graded contacting heterojunctions. With graded
heterojunctions, the series resistance for this size laser
is less than 0.2 Q.

wafers are thinned to ~100 um and ohmic contacts made
to the n+-GaAs substrate, linear arrays of the appropri-
ate length are cleaved from the wafers and the facets
coated with approximately a half-wavelength-thick layer
of Al,05.

Proton-Bombarded Regions

Active Region

The performance of the linear arrays depends on the
stripe width Wand laser period S. Figure 7 plots /;, and
emission wavelength for proton-defined uncoated lasers
made from 800-nm material versus W/ For stripes wider
than ~40 um, the values of /; , emission wavelength, and
14 (not shown) are nearly constant. Below 40 um, /
increases with a corresponding decrease in emission
wavelength and 7. In addition, for 10 um < W< 40 um,
kinks are observed in the light-output-versus-current
(L-I) characteristics and the emission spectrum is not
well behaved with drive current; i.e., blue-shifted, or
higher-energy, modes begin to appear as the drive cur-
rent increases and the spectrum can become very broad
and fairly complicated. For narrow stripes (W< 10 um),
the L-I characteristics and emission are again well be-
haved. For these narrow widths, however, /,, is signifi-
cantly higher and 7 significantly lower than the values
obtained on broad-area lasers. In fact, for W= 5 um, /;,
increases to the extent that the lasing wavelength jumps
to a transition between higher-energy quantum-well
levels. Thus we have used stripes at least 40 um wide in
the linear arrays.

As previously discussed, facet coatings that decrease
reflectivity also increase the threshold current, and blue-
shift the emission spectrum. For coatings ~15% thicker
than 4/2, where 1 is the laser wavelength, the value
of Jy, for the lasers with W > 40 um increases by
~30 Alcm? (an increase of 15%), and the laser wave-
length decreases to ~799 nm. For pumping Nd:YAG,
therefore, control of the facet-coating thickness does
not appear to be critical and tolerances as large as

+15% should be acceptable.

i —

FIGURE 6. lllustration of proton-defined linear array of AlGaAs GRIN-SCH-SQW lasers. A
shallow proton bombardment confines the current to unbombarded stripes of width W and a
deep proton bombardment suppresses lasing in the transverse direction.

VOLUME 3, NUMBER 3, 1990  THE LINCOLN LABORATORY JOURNAL 365



* DONNELLY
Two-Dimensional Surface Emitting Arrays of GaAs/AlGaAs Diode Lasers

-
é T T T T
<
‘; 600 - 4300
B L * Wavelength e
® =
Q 400 &
= L o
(9 =
= 4795 ©
5 Jth o
O 200F * ¥ * ©
3 =
Rt =2
;:é) 0 1 1 1 1 790
= 0 20 40 60 80 100

Stripe Width (um)

FIGURE 7. Threshold current density J;, and peak emis-
sion wavelength versus stripe width for proton-defined
AlGaAs GRIN-SCH-SQW stripe diode lasers. The la-
sers have uncoated facets and cavity lengths of 700 um.

Once J;, and ny versus Ware known, the tempera-
ture rise A 7'in the middle of each laser stripe, the power
efficiency 1, and the required operating current /,, can
be calculated for any values of W/ S, pulse length, and
desired output power. Because the wavelength of AlGaAs
lasers increases by approximately 0.3 nm per 1°C rise in
temperature, the temperature rise must be kept as small
as possible to minimize wavelength chirping during
pulsed operation—an important consideration for ap-

plications such as the pumping of Nd:YAG lasers in

which the emission wavelength must remain in the
Nd:YAG absorption band during the entire pulse. In
addition, because /i, increases and 14 decreases with in-
creasing temperature (although the rate of change is
small for AlGaAs quantum-well lasers), minimizing the
temperature rise A7 to prevent degradation of the over-
all laser performance is desirable.

As an example of the kind of performance that can be
expected, Figure 8 shows [op, M and A 7"as functions of
S for a linear array with W= 40 ym and a fixed output
power of 30 W during a single 150-usec pulse. A value
of 150 usec was used because it is a reasonable pulse
length for the pumping of Nd:YAG, which has an
excited Nd lifetime of ~230 usec. A 1-cm-long linear
array mounted junction side up was assumed. Two-
dimensional transient heat flow was used in calculating
AT; the calculations were performed both including
[67] and neglecting transient heat flow into the top Cu
conducting bar (Figure 1). The presence of the Cu bars,
as shown in Figure 8, significantly reduced the transient
AT and, in addition, acted as a heat spreader, making
AT less sensitive to the laser period S [67]. Also note
that there are trade-offs between A7 My and Jop For the
stripe width and output power of Figure 8, a value
of S between 100 and 150 um appears to be a good

compromise for most applications. For lower peak
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FIGURE 8. Calculated operating parameters of a 1-cm-long proton-
defined AlGaAs GRIN-SCH-SQW linear diode laser array with 40-um-
wide laser stripes: the calculated temperature rise AT in the center of
each laser stripe with and without the top Cu conducting bars, the
power efficiency n,, and required operating current lop versus laser
period S. The data are for a cavity length of 700 um, a fixed output power
of 30 W during a single 150-usec pulse, and the worst-case J;, and Rq.
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output powers a larger Smay be warranted, and for high-
er peak output powers a smaller S. Calculations indi-
cate, however, that even for a higher output of 50 W
during a 150-usec pulse, the maximum transient A7
should be less than 2°C for Sbetween 100 and 150 um.

The calculated temperature rise in Figure 8 is for a
single 150-usec pulse. Higher repetition rages shift the
AT curve up by approximately the average temperature
rise that results from the average power dissipation.
Microchannel Si heat sinks are very effective in remov-
ing high average power dissipation.

Microchannel Si Heat Sinks

The flat-bottom grooves with 45° sidewalls in the heat
sink in which the laser bars are mounted (Figure 1) are
etched in (100) silicon with standard photolithography
and an orientation-selective etch. A stripe pattern ori-
ented in an (013) direction is first defined in a SizNy
capping layer that serves as an etch mask. The Si is then
etched with a KOH-isopropanol-H2O solution at 80°C.
The bottom (100) Si plane etches about 2.5 times faster
than the (331) sidewalls. Figure 9(a) shows a sawed cross
section of a test etched groove. Because the etch ratio is
only 2.5, the actual angles between the sidewalls and the
top and bottom are closer to 45° than the theoretical
angle of 46.5° between the (331) and (100) planes.
After etching, the surface of the Si is metallized with Ti/
Pt/Au to form efficient deflecting mirrors. Figure 9(b)
shows a top view of a metallized test Si sample with a
GaAs/AlGaAs linear array mounted in a groove. Reflec-
tions of the cleaved end facets of the GaAs/AlGaAs
bar are clearly visible in the 45° deflecting mirrors.
For the actual hybrid arrays reported here, the etched
grooves were about 210 um deep with 700-um-wide
bottoms.

We used a dicing saw to cut microchannels into the
bottom of the Si heat sink [58, 60]. Figure 10, a pho-
tomicrograph of the sawed cross section of a portion of
an actual hybrid array, shows a linear array mounted
in an etched groove in a microchannel Si heat sink.
The sawed microchannels are 100 um wide and
spaced every 200 um. The top Cu conductor is ta-
pered so that it will not block any of the light that
emerges from the surface of the array.

Theoretical calculations [55-57] and experimental
results [58, 60] indicate that with a reasonable cooling-

Reflection
of Cleaved

45° Facet in
Mirror Array 45° Mirror

f— 400 um —>]
(b)
FIGURE 9. Etched groove in Si heat sink: (a) sawed
cross section of flat-bottom test groove with 45° sidewalls
and (b) top view of GaAs/AlGaAs linear array mounted
in the metallized groove. Reflections of cleaved end
facets of the linear array can be seen in the 45° mirrors.

fluid pump power (~10 W for a 1 x 1-cm array), the
microchannel Si heat sinks will have a CW thermal
resistance of less than 0.07°C-cm®/W (at the top surface
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FIGURE 10. Sawed cross section of an actual hybrid
GaAs/AlGaAs diode laser array showing the end of one
linear array mounted in an etched groove in a
microchannel Si heat sink. The top Cu conductor is
tapered so that it will not biock any light that emerges
from the surface of the array.

of the Si heat sink) and that the microchannels them-
selves can be treated as having an effective heat transfer
coefficient /4> 20 W/cm”-°C. The hybrid devices re-
ported here have their linear laser arrays mounted junc-
tion side up, which adds to the CW thermal resistance.

Figure 11 shows the transient A7 per unit power
dissipation (during each pulse) at the beginning of a
150-usec, 400-Hz pulse train for an AlGaAs laser bar
mounted junction side up on a Si heat sink. Figure 11(a)
is for the case in which the top Cu conducting bars are

neglected and Figure 11(b) is for the case in which the
Cu bars are included in the calculation [67]. The fig-
ures assume that the GaAs is 100 um thick and the Si
heat sink has 150 um of Si above the microchannels.
The calculation is for uniform power dissipation on
top of the GaAs. For 40-um-wide stripe lasers on
125-um centers, the maximum temperature rise in the
center of each laser stripe at the end of each pulse is
about 9 x 10°°C-cm?/W higher than the values shown
in Figure 11(a) and about 1.5 x 102°C-cm?/W higher
than the values shown in Figure 11(b).

Figure 11 demonstrates the benefits of the micro-
channel heat sinks. Without the top Cu bars, it only
takes three to four pulses at this high repetition rate
before the temperature transient during each pulse
no longer changes from pulse to pulse. In this case,
the maximum peak temperature difference between
the first pulse and a steady-state pulse is only about
2 x 10°°C-cm*/W. For a linear array emitting 30 W
of optical power, this difference translates into an addi-
tional temperature rise of ~0.6°C at the peak of each
pulse as the repetition rate increases from essentially iso-
lated pulses to 400 Hz.

When the top Cu bars are included in the thermal
analyses, they act as large thermal capacitors, damping
the peak temperature excursions to approximately
3 x 10°°C-cm?/W but slowing down the thermal time
constant of the system. In this case, it takes about
10 pulses (100 msec) before the temperature transient
during each pulse no longer changes from pulse to
pulse and the maximum temperature difference between
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FIGURE 11. The normalized calculated temperature transient on the top of a 100-um-thick GaAs laser bar at
the start of a 150-usec 400-Hz pulse train: (a) without the top Cu conducting bars, and (b) with the top Cu
conducting bars. The laser bar is mounted junction side up on a microchannel Si heat sink. (After J.N.

Walpole, Reference 67.)
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(a)

(b)

FIGURE 12. Completed module that contains two 1-cm? two-dimensional surface-emitting arrays of diode

lasers: (a) overall view and (b) view of front face.

the peak of a first pulse and the peak of a steady-state
pulse is ~4.5 x 10°°C-cm®/W. For a 1-cm linear laser
array emitting 30 W of optical power, this difference
translates into an additional temperature rise of ~1.38°C
as the repetition rate increases from essentially isolated
pulses to 400 Hz. Note, however, that the transient tem-
perature during each pulse is now only ~1.3°C for the
30-W scenario compared to ~7°C without the top Cu
bars (Figure 8).

For uniform heat dissipation across the laser bar, the
average temperature rise is the same both with and

without the Cu bars. For CW operation, the only effect

of the top Cu bars is to act as heat spreaders, a secondary
but important consideration that makes the tempera-
ture across the top of the laser bar more uniform and less

dependent on the laser width Wand spacing S.

Hybrid-Array Performance

Figure 12 shows photographs of a completed laser mod-
ule that contains two 1-cm® hybrid arrays, each of which
consists of eight 1-cm-long linear arrays soldered in
eight grooves on a microchannel Si heat sink. In this
design, the linear arrays are driven in pairs. Cooling
fluid enters the module through a center tube and
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FIGURE 13. Near-field pattern of a module that contains two 1-cm? surface-emitting hybrid AlGaAs GRIN-SCH-

SQW diode laser arrays.

exits through two outside tubes.

Figure 13 shows the near-field pattern of a completed
module. The geometry of these hybrid arrays is such
that the amount of thermal cross talk between the indi-
vidual linear arrays is insignificant. Thus testing the
linear-array bars individually or in pairs one pair at a

time provides a good idea of the ultimate performance
of the hybrid arrays.

Figure 14 shows the output power versus current
(L-I characteristic) of successive pairs of laser bars in a
module driven with 150-usec current pulses at 10 Hz.
Note that the response is very uniform with high ny
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FIGURE 14. Pulsed output power versus current for 150-usec pulses at 10 Hz into successive pairs of laser bars of a
module that contains two 1-cm? two-dimensional surface-emitting hybrid arrays of AlGaAs diode lasers.
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for all pairs in the array. From these data, the total
energy per 150-usec pulse from the entire module
with 60 A through each pair (30 A per 1-cm-long
linear array) should be 68 m]. Separate measure-
ments using a calorimeter with the entire module
driven at one time have given a total energy of 64 m]J
per pulse [68].

Figure 15 shows the L-I characteristics of a pair of
laser bars driven with 150-usec pulsed currents up to
100 A. From these data, we estimate that if the entire
module were driven with 100 A per pair (50 A per
bar), the output energy per pulse would be ~120 m].
Figure 16 shows the integrated output spectra of the
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FIGURE 15. Pulsed output power versus current of a
single pair of parallel 1-cm laser bars of a hybrid array
driven with 150-usec pulses at 10 Hz.

laser pair driven with 40-A (20 A/bar) and 80-A
(40 A/bar) 150-usec pulses at 10 Hz. The spectra are
typical of most arrays.

Additional tests were performed by disconnecting
one bar of several pairs and then testing the remaining
bars individually at various currents, pulse widths, and
repetition rates. Figure 17 shows the L-I characteristics
of one 1-cm-long bar of a hybrid array driven with
150-psec pulses at repetition rates up to 500 Hz. The la-
sers in the array were 40 um wide and spaced on center
at 125 um. Note that at 40 A, there was less than
a 10% decrease in output per pulse at 500 Hz com-
pared with that at 10 Hz.

We also obtained the output spectra of the same bar
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FIGURE 16. Output spectra of a pair of parallel 1-cm-long
bars of GRIN-SCH-SQW lasers (40 um wide on 125-um
centers) of a hybrid array. The bars were driven with
40-A (20 A/bar) and 80-A (40 A/bar) 150-usec pulses at
10 Hz.

driven with 150-usec pulses at various currents up to
30 A at 10 Hz, and with 150-usec pulses of 30 A at
repetition rates from 10 to 500 Hz. At the higher cur-
rents, the output of the particular bar tested showed
anomalous blue-shifted modes, which are not usually
observed. The wavelength change at 30 A compared
with that at 7 A indicated a temperature rise of <3°C
during a 30-A 150-usec pulse. (As mentioned previous-
ly, the wavelength of AlGaAs lasers increases by ~0.3 nm
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FIGURE 17. Pulsed output power versus current of one
1-cm-long GRIN-SCH-SQW laser bar of a hybrid two-
dimensional surface-emitting array driven with 150-usec
pulses at repetition rates up to 500 Hz. The AlGaAs
diode lasers were 40 um wide on 125-um centers.

VOLUME 3. NUMBER 3, 1990  THE LINCOLN LABORATORY JOURNAL 371



* DONNELLY
Two-Dimensional Surface Emitting Arrays of GaAs/AlGaAs Diode Lasers

10 Hz
100 Hz

400 Hz

| | |
795 800 805 810 815

Wavelength (nm)

FIGURE 18. Output spectra of one 1-cm-long GRIN-
SCH-SQW laser bar of a hybrid two-dimensional sur-
face-emitting array driven with 30-A 150-usec pulses at
repetition rates of 10, 100, 400, and 500 Hz. The AlGaAs
diode lasers were 40 um wide on 125-um centers.

per 1°C rise in temperature.) Figure 18 shows the out-
put spectra of the bar driven with 150-usec pulses of
30 A at repetition rates of 10, 100, 400, and 500 Hz.
The additional temperature rise at the high repetition
rates appears to be less than 1°C.

Figure 19 shows the L-I characteristics of a single bar
for pulses ranging from 150 usec to 1 msec at 10 Hz.
The figure also shows the CW output for currents up to
25 A. Figure 20 contains a blow-up of the CW charac-
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FIGURE 19. Output power versus current of one 1-cm-
long GRIN-SCH-SQW laser bar of a hybrid two-dimen-
sional surface-emitting array driven with 150-, 300-, and
600-usec and 1-msec pulses at 10 Hz. Also shown is the
CW output for current up to 25 A. The AlGaAs diode
lasers were 40 um wide on 125-um centers.
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teristics and the overall power efficiency n, versus cur-
rent. Note that the overall CW 7, at 25 A (including
losses in the input wires that were not intended for CW
operation) is 33%. For 150-usec pulses, My (again in-
cluding losses in the input wires) is ~38% at 40 A. We
also measured the output spectra for 8-A 150-usec
pulses at 10 Hz and for 7- and 25-A CW operation.
From that data, the estimated temperature rise for
25-A CW operation was ~30°C.

We can use this value of temperature rise and an
estimate of the power dissipated in the laser bar itself to
obtain an estimate of the thermal resistance of the laser-
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FIGURE 20. The CW output power and overall power
efficiency versus current of one 1-cm-long GRIN-SCH-
SQW laser bar of a hybrid two-dimensional surface-
emitting array. The AlGaAs diode lasers were 40 um wide
on 125-um centers.

bar/heat-sink combination. For 25-W CW operation,
the total power into the laser bar (assuming each of the
80 lasers in the 1-cm bar has a series resistance of 0.2 )
is ~40 W. Thus, with an optical power output of 18 W,
the dissipated power in the laser bar is ~22 W. With this
dissipated power, the CW temperature rise of ~30°C gives
a total effective thermal resistance of ~0.094°C-cm?/W.
This result is in close agreement with previous heat-sink
measurements and calculations: from References 58 and
60, the thermal resistance is ~0.07°C-cm?/W for the Si
heat sink and ~0.02°C-cm”/W for the 100-um-thick
laser bar.

After operating a bar in CW mode at 25 A for about
15 min, we measured the L-I characteristic of the bar
driven with 150-usec pulses at 10 Hz. The results indi-
cated insignificant degradation (<5%) after the CW
testing [50].
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Figure 21 shows the CW output power versus cur-
rent of six bars (0.75 sz) operating in parallel. Note
that at 25 A per bar (a total current of 150 A), the
output power is 90 W, or 120 W/cm?, which is slightly
less than the 144 W/cm® (18 W/bar x 8 bars/cm?) ob-
tained from the single-bar data of Figure 20.

Monolithic Surface-Emitting Diode Laser Arrays

Although hybrid arrays have excellent performance
characteristics, the fabrication and assembly of this type
of laser require a great deal of skilled labor. Researchers
are hopeful that monolithic arrays, which can be fabri-
cated almost entirely with high-volume semiconductor
processing techniques, will be more amenable to mass
production. As a possible direct replacement for hybrid
arrays, monolithic two-dimensional arrays of GaAs/
AlGaAs diode lasers with light emission normal to the
surface have been made by fabricating horizontal-cavity
edge-emitting quantum-well lasers coupled with exter-
nal mirrors that deflect the radiation from the laser
facets by 90° (Figure 22[a]) [21, 23, 37, 38]. In addition,

several preliminary surface-emitting arrays with
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FIGURE 21. CW output power versus current of six
1-cm-long linear arrays (0.75-cm2 area) of a hybrid
microchannel-cooled module operated in parallel.

intracavity 45° deflecting mirrors have been fabricated
(Figures 22[b] and [c]) [21, 23]. In both types of arrays,
ion-beam-assisted etching (IBAE) was used to form all
the laser facets and deflecting mirrors.

_Ne

N -
3

(c)

Dielectric Stack

FIGURE 22. Geometries of three designs of monolithic sur-
face-emitting lasers: (a) external-cavity parabolic deflector,
(b) intracavity 45° mirror, and (c) intracavity 45° mirror with
an internal dielectric mirror stack.
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FIGURE 23. Schematic of Cl,-ion-beam-assisted-etching (IBAE) system.

IBAE is a dry-etching technique in which the chemi- SiO,, Ni, and Ti that have slow etch rates compared to
cally reactant species and the energetic ions can be GaAs and AlGaAs can be used as etch masks.
independently controlled. In Reference 42, Geis et al. For the work reported in this article, the system
describe the basic IBAE system. Figure 23 is a schematic operating parameters were adjusted to give an etch rate
illustration of an IBAE system with load lock, tiltable of 120 nm/min at normal incidence for both GaAs and
sample holder, and cryopump. In the system, which AlGaAs. The energy of the argon-ion beam was 500 eV

routinely reaches a background pressure of 107 Torr and the current density was ~40 mA/ cm®. The pressure
15 min after sample loading, a chemically reactant spe- due to the argon-ion beam at the sample surface was
cies from a local jet and a separately controlled collimated 0.1 mTorr and the local chlorine pressure was
ion beam from an ion source impinge simultaneously 2.8 mTorr. With these parameters, we observed no

upon the sample. Both GaAs and AlGaAs can be etched roughness or steps at the GaAs/AlGaAs heterointerfaces.

at room temperature with Cl; as the reactant gas and

Monolithic Arrays with External Deflecting Mirrors

argon as the source of ions. Because neither GaAs nor

AlGaAs is spontaneously etched by Cl, at room tem- We have fabricated monolithic two-dimensional sur-
perature, IBAE is highly directional and the sidewall face-emitting arrays of GaAs diode lasers by using a
slope of a masked etch trench is determined essentially combination of straight and angled IBAE to produce
by the direction of the argon-ion beam. Therefore, almost arrays of edge-emitting separate-confinement quantum-
any concave shape can be generated with a computer- well lasers with deflecting mirrors adjacent to the laser
controlled sample stage that precisely varies the tilt angle facets (Figure 24). The AlGaAs/GaAs material used for
between the sample and the ion beam during etching these arrays was separate-confinement-heterostructure

[44]. Materials such as photoresist, phosphosilicate glass, single-quantum-well (SCH-SQW) material that con-
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FIGURE 24. Schematic illustration of a monolithic two-dimensional surface-emit-
ting array of GaAs/AlGaAs diode lasers with external parabolic deflecting mirrors.

tained an undoped 200-A GaAs quantum well sand-
wiched between two 3200-A-thick Al ;Ga,,As con-
fining layers, one n-type and the other p-type. The
cladding layers contained 70 mole % AlAs. Cleaved-
facet lasers fabricated from this SCH-SQW material
had higher threshold current densities and lower differ-
ential quantum efficiencies (14 = 60%) than those of the
GRIN-SCH-SQW material (Figure 3) now being used
for the hybrid arrays. Because of the wide quantum-well
thickness of the monolithic array lasers, however, the
threshold current density does not increase as rapidly
with decreasing cavity length. Nevertheless, longer cav-
ity lengths than those used in the arrays reported in this
article should result in better performance.

We used photoresist as an etch mask and IBAE to
etch pairs of straight-sided grooves 2 um wide and 3 to
4 um deep. The outer walls of each pair acted as the
facets for rows of laser cavities that were 250 um long.
Lines approximately 3 um wide immediately adjacent
to the inside edge of one of the grooves in each pair were
then opened in a new layer of photoresist, and parabolic
deflectors for one side of each row were formed by
computer-controlled angled IBAE. The deflectors for
the other side of each row were formed in a similar
manner.

Figure 25 shows the near-field pattern of a
100-element two-dimensional surface-emitting array. A
shallow proton bombardment was used to confine the

current to 40-um-wide stripes on 180-um centers, and
a deep proton bombardment midway between the laser
stripes was used to introduce a sufficient optical loss to
suppress transverse lasing. References 21 and 36 con-
tain further details of the fabrication. Figure 26 plots
the pulsed output power versus current for this array.
The available pulsed current of 62 A limits the power to
15 W. Figure 27 plots the output power versus cur-
rent for an array that consists of only two rows (a
total of 20 elements) fabricated from the same wafer
as that of Figure 26. The smaller array has a pulsed
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FIGURE 25. Near-field pattern of 100-element monolithic
two-dimensional surface-emitting array of GaAs/AlGaAs
diode lasers with external deflecting mirrors.
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FIGURE 26. Pulsed output power versus current for the
100-element monolithic array whose near-field pattern is

shown in Figure 25. The pulses are 500 nsec at 1 kHz

and the area of the array is 5.4 x 1072 cm?.

power output of 16.5 W at 62 A, which corresponds to
a power density of 1.5 kW /cm? [21, 23, 37, 38].

The differential quantum efficiency nd of these arrays
is about 20%. Several factors can limit 14, including the
quality of the laser facets, the beam divergence of the
laser emission, and the effective f-number of the deflect-
ing mirrors. The latter two factors affect the fraction of
light emitted from the laser facets that is deflected by the
deflecting mirrors. Although the quality of the laser
facets can be a problem, the fraction deflected by the
mirrors is currently the major limitation on nq.

We can make several obvious changes to increase the
fraction of light collected and to make this fraction less
dependent on process variables. The first is to use laser
material with a smaller output-beam divergence. Cleaved-
facet lasers fabricated in the GRIN-SCH-SQW materi-
al now being used in the hybrid arrays have a beam
divergence <36° (full width at half maximum), which is
significantly smaller than the 245° measured in similar
lasers fabricated in the SCH-SQW material used for the

array whose near-field pattern is shown in Figure 25. (As
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mentioned previously, cleaved-facet lasers fabricated in
the GRIN-SCH-SQW material also have a higher dif-
ferential quantum efficiency [>80%].) In addition,
making the junction slightly deeper (2.5 to 3 um deep
instead of 2 um) and the facet etch narrower (1 to 1.5
um wide instead of 2 um) should increase the collection
efficiency of the deflecting mirrors and make them more
tolerant of photolithographic and etching inaccuracies.

With a planar top surface, curved deflectors are nec-
essary to obtain an f-number less than 1. Figure 28
shows a design of an integral parabolic deflecting mirror
with an fnumber less than 0.85. The actual curve
etched in the AlGaAs material is now being designed to
optimize the f-number, with attention to the following
factors: passivation and metal overlayers, the depth of
the junction, and tolerances in the lithography used to
form the etch mask. For the front surface of the deflec-
tor to be parabolic, etching a second-order polynomial
curve is necessary.

Figure 29(a) illustrates the method [23] that we are
now using to etch the curve in the laser material. First
the curve is broken down into a number of line seg-
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FIGURE 27. Pulsed output power versus current for a 20-
element (two rows of 10 elements) two-dimensional
array of GaAs/AlGaAs diode lasers. The pulses are

500 nsec at 1 kHz and the array area is 1.08 x 102 cm?.
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FIGURE 28. |llustration of an external deflecting mirror. The effective f-number is less than 0.85

and the minimum 6 is 30.5°.

ments of length Z,, which is determined by the resolu-
tion of the computer-controlled stepping motor. Once
the daily etch rate is determined, the time required
to etch each segment #, is calculated from the formula
t,= L,/(rcos ¢,), where 7 is the etch rate and ¢, is the
incident angle of the argon-ion beam. The resolution
of the steps coupled with the slight divergence of the
ion beam (~0.5°) create a smooth surface with
the individual etched segments blended together.
Figure 29(b) compares the desired theoretical curve
with an actual etched curve. Note the excellent agree-
ment between the two curves; the small amount of
deviation is most likely due to an error in determining
the etch rate. To achieve even greater accuracy, we are
currently determining the rate by using a surface-
profile technique in place of optical microscopy.

The scanning-electron micrographs in Figure 30 show
the face of a typical etched facet and the surface of a
typical etched deflector. We found that a photoresist
mask did not hold up well during the vertical-facet
formation but was sufficient for etching the deflectors
because the tilting action in the latter procedure shifted
the edge of the mask and minimized the mask-edge

erosion. We are now using a silicon-dioxide mask for
etching and a self-aligning process for accurately fixing
the facet-to-deflector distance. With these changes, it
should be possible to fabricate parabolic deflecting mir-
rors with effective f-numbers less than one and arrays
with 1y > 60%.

Monolithic Arrays with Intracavity Deflecting Mirrors
Using a combination of straight and 45° IBAE, we have

fabricated monolithic two-dimensional surface-emitting
arrays with intracavity 45° mirrors (Figure 31) [21, 23].
Lasers of this type are sometimes called folded-cavity
lasers [22, 23]. We etched the arrays in one photolithog-
raphy step. With photoresist as an etch mask, we used
IBAE to etch straight-sided grooves 6 um wide. With-
out removing the sample from the etch chamber, we
tilted the sample at a 45° angle and etched the 45°
intracavity mirrors. Figure 32, an optical micrograph of
a cleaved cross section of an IBAE test sample, shows the
success of the technique. Some erosion of the photore-
sist etch mask occurred, which produced steps in the
vertical facet and 45° mirror. The step in the vertical
facet, however, was above the laser active layer and the
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FIGURE 29. (a) Dynamic tilting algorithm employed in
micromachining the polynomial curve required to pro-
duce a parabolic deflector. The quantity A, is the angu-
lar displacement generated by a step of the motor, and
L, is the segment length at each step. (b) Optical
micrograph of a cleaved cross section of a parabolic
deflector. The black curved line represents the desired
theoretical curve.

step in the 45° mirror was below the active layer. Thus
their effect on device performance was not catastrophic.

Figure 33 shows the near-field pattern of a
100-element array. Note the one bad element in the
fourth row and the scattering in the fifth row. All of the
other lasers were operational. Figure 34 shows the pulsed
output power versus current for the first row of the array
(a total of 20 elements). The average threshold current is
high, about 1 A per laser, and the differential quantum
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efficiency is low, about 4%. One factor that degraded
the performance of this first array was the optical loss in
the p*-GaAs capping layer, which was not removed
from the window region.

Obviously, more work is needed to improve the qual-
ity and accuracy of both the 45° etch and the vertical
etch in this device. Other parameters that could poten-
tially limit the performance of the device are the parallel-
ism and quality of the top surface facet, the diffraction
between the top facet and the 45° mirror, and the
absorption in any GaAs contacting layer left on the
surface of the wafer. We expect the use of a silicon-
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28KY XS5@80e 18U 886 PARAB '89

1 um

(b)
FIGURE 30. Scanning-electron micrographs of (a) the
face of an etched vertical facet and (b) the etched
surface of a parabolic deflector.
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FIGURE 31. Schematic illustration of a monolithic two-dimensional surface-emit-
ting array of GaAs/AlGaAs diode lasers with intracavity 45° deflecting mirrors.

dioxide or metal etch mask to improve the quality of the
surfaces dramatically, which would in turn improve
array performance. In addition, future arrays will be
fabricated with the capping layer removed.

We have also fabricated monolithic arrays that had
two internal 45° mirrors and an integral high-reflectivity
dielectric mirror stack (Figure 22[c]) [23]. For this type
of array, forming the internal and top-surface facets in
one step minimized the IBAE and processing time. The
dielectric mirror stack, which consisted of 20 pairs of
alternating layers of Al ,Ga,, gAs and Al 3Gay, ,As, had
a reflectivity of ~95% at the lasing wavelength of inter-
est. The arrays performed similarly to the internal-cavity
45° mirror arrays that had one etched 90° facet.

In addition to the problems associated with arrays
that have one etched 90° facet, diffraction and series
resistance in the dielectric mirror stack must be consid-
ered for the arrays that have two internal 45° mirrors. As
discussed earlier, better-quality 45° mirrors and the re-
moval of the p+-GaAs capping layer should improve the

performance of this type of laser.

Summary

Several approaches to fabricating two-dimensional sur-

face-emitting arrays of GaAs/AlGaAs diode lasers are

being developed at Lincoln Laboratory.

Modules of hybrid diode laser arrays that utilize lin-
ear laser arrays with cleaved facets and microchannel Si
heat sinks with integral 45° deflecting mirrors have been

> fe4pm

FIGURE 32. Optical micrograph of the cleaved cross
section of a test wafer, profiling the vertical facet and
45°-mirror structure of the intracavity 45° deflecting mir-
ror, or folded-cavity, design. After the vertical facet is
formed, the sample is tilted in situ and the 45° mirror is
etched.
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FIGURE 33. Near-field pattern of 100-element monolithic
two-dimensional surface-emitting array of GaAs/AlGaAs
diode lasers with intracavity 45° deflecting mirrors.

fabricated and tested. The modules, each containing
two 1-cm” hybrid arrays, can be stacked and are de-
signed to pump Nd:YAG slab lasers. For quasi-CW
operation (150-usec pulses), test data indicate that the
modules can achieve peak output powers greater than
400 W/cm? (800 W/module, or 120 m] per pulse per
module) at repetition rates up to 500 Hz. The data also
indicate that CW output powers of 120 to 150 W/cm®
can be achieved.

In addition to the hybrid design, two monolithic
approaches are being investigated. The first incorporates
edge-emitting lasers with external-cavity deflecting mir-
rors adjacent to the laser facets. Using ion-beam-assisted
etching (IBAE) to etch both the laser facets and deflect-
ing mirrors, we fabricated 100-element arrays capable of
short-pulsed (500 nsec) output powers greater than
1 kW/cm®. The quantum efficiencies of the arrays are
low, however, and further development is needed be-
fore this type of monolithic array will have perfor-
mance characteristics comparable to the hybrid arrays.
The monolithic arrays, however, should be more amen-
able to mass production, and consequently they
hold the promise of lower cost. In addition, since
the laser spacing is set photolithographically in both
directions, it should be easier to combine this type of ar-
ray with arrays of lenses for higher intensities, which
could be exploited for the side-pumping or end-pump-
ing of Nd:YAG lasers, or for the coherent locking of the

individual lasers of the arrays in an external cavity.
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The second monolithic approach incorporates intra-
cavity 45° deflecting mirrors. Preliminary results on
such monolithic arrays indicate that the threshold cur-
rents and differential quantum efficiencies are poor
compared to the arrays of external-cavity deflecting
mirrors. However, the intracavity-mirror arrays would
have some advantages over the external-cavity-mirror
arrays in some applications. The intracavity-mirror
arrays are also easier to fabricate, and they therefore
merit further investigation.
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